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Hypoxic injury in the proximal tubule of the isolated perfused rat
kidney. The effect of hypoxia on the morphology of the proximal tubule
was examined in isolated rat kidneys perfused with Krebs—albumin
medium, gassed with 95% N2/5% CO2 for 45, 90 and 190 mm. The major
findings were heterogeneity of types of cell injury and definable
topographical zones of protection from damage. The characteristic
injury in S1 and S2 was that of mitochondrial swelling and brush border
alterations that progressed to complete disorganization of this zone. S3
manifested two distinct lesions, one characterized by cell swelling and
the other by tubular epithelial fragmentation. Protection from these
injuries was seen in tubules located in periarterial zones, apparently due
to gradients of oxygenation. The same types of injury but without zones
of protection were seen after perfusion with cyanide (10 mM) in
oxygenated medium. A "reflow" period of oxygenated perfusion did
not alter the fundamental character of these lesions but affected tubules
showed progression of damage while there was preservation of tubules
in periarterial areas. Thus the responses of the proximal tubule to
hypoxic injury depends both on segment type (S1, S2 versus S3) and on
tubular location in relation to 02 availability. Additional factors appear
to determine the type of response in S3 tubules.
The isolated perfused rat kidney has become a versatile
system for studying renal cell injury. Alcorn et al [1] described
a consistent lesion (mitochondrial swelling and cell fragmenta-
tion) in the medullary thick ascending limb tubules (mTAL)
after cell free oxygenated perfusion. Following this, Brezis et al
[2] noted that the lesion had a consistent distribution, charac-
terized by zones of protection around vasa recta bundles and by
an axial gradient with increasing injury from superficial to deep
portions of the inner stripe of the outer medulla. These gradi-
ents could be largely abolished and the mTAL injury made
more severe if the perfusate was not oxygenated. In addition,
the lesion was not present when the oxygen carrying capacity of
the perfusate was increased by addition of erythrocytes or
hemoglobin. These authors thus concluded that the mTAL
lesion was due to hypoxia. Further studies [3, 4] have shown
that such mTAL injury can be prevented by measures which
decrease mTAL transport (perfusion with ouabain, furosemide
or hyperoncotic albumin to produce the non-filtering mode).
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The present study is an examination of hypoxic injury in the
proximal tubule of the isolated perfused kidney. The type of
injury as well as its topographical distribution will be described.
In a second report, the state of tubule transport is shown to be
a major determinant of the kind of tubular damage under these
conditions.
Methods
Male Sprague—Dawley rats weighing 370—470 gms. fed on
Purina rat chow and allowed free access to water were used for
all experiments. Isolated perfusion of the right kidney was
performed according to the method of Ross, Epstein, and Leaf
[5]. The perfusion medium was a Krebs—Ringers—Henseleit
solution with bovine serum albumin at a concentration of 6.7
gm/lOocc and glucose at 5 mM. Perfusion was for 90 mm unless
otherwise indicated.
Experimental groups
In situ fixed controls (N = 3). Kidneys from untreated rats
were fixed with gluteraldehyde by perfusion after cannulation of
the right renal artery via the superior mesenteric artery to
document the normal morphology of the proximal tubule.
Anesthesia was by intraperitoneal injection of mactin (100
mg/kg). The perfusion pressure was 140 mmHg proximal to the
cannula. A "flush" with 2 to 3 cc saline preceded fixation.
Regular (oxygenated) perfusion (N = 7). The perfusion
medium was gassed with 95% 02, 5% CO2 (arterial PO2 - 500
mmHg).
Hypoxic perfusions (N = 13). The perfusion medium was
gassed with 95% N2, 5% CO2 (arterial P°2 - 35 to 40 mmHg).
In two of the experiments perfusion was for 45 mm and in two
others 190 mm.
Cyanide perfusions (N = 5). As an alternative to hypoxia,
mitochondrial respiration was inhibited by perfusion with KCN
(10 mM). In these experiments the perfusate was gassed with
95% 02, 5% CO2. In two of the experiments, the perfusion
pressure was 40 mmHg at the cannula tip rather than the routine
85 mmHg, with a resultant GRF of zero.
Reoxygenation experiments (N = 8). 'J'he perfusion medium
was gassed with 95% N2, 5% CO2 for 90 mm after which the gas
was switched to 95% 02, 5% CO2 for an additional 90 mm
perfusion. In three of the experiments erythrocytes were added
to the medium immediately following the switch to oxygen. For
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Fig. 1. Anatomy of the rat kidney, from [7].
this, 20 to 25 cc of blood was collected in heparin from donor
rats, washed once with saline and added as packed cells to the
perfusate (final hematocrit 9 to 14%). The reoxygenation period
in the experiments with erythrocytes was carried out without
filters in the perfusion circuit.
Morphologic techniques
Following perfusion each kidney was fixed via the perfusion
circuit with 1.25% gluteraldehyde in 0.1 molar phosphate buffer
(p11 7.4). A I to 2 mm thick section was removed from the
central portion of the kidney and 4 x 4 mm sections containing
the entire width of the cortex and outer stripe were taken from
that slice, post—fixed in 2% osmium tetroxide, dehydrated and
embedded in an araldite—epon 812 mixture. Evaluation was by
light microscopy of one micron sections with selected blocks
examined by electron microscopy.
Results
In situ fixed controls
As described by others [6, 7], there are three morphologically
distinguishable proximal tubule segments (Fig. I). By light
microscopy the major differentiating features are: the length of
the microvilli, the number and orientation of mitochondria, the
presence of lysosomes and the presence of apical cytoplasmic
vacuoles. S1, the most proximal segment, is characterized by
intermediate length microvilli, numerous long parallel
mitochondria oriented from the base of the cell to the lumen and
occasional apical vacuoles (Fig. 2A). There is a gradual transi-
tion along the tubule from S1 to S2 cells. S2 cells, when fully
developed, are characterized by the shortest microvilli, fewer,
shorter and less well oriented mitochondria, prominent
lysosomes and more numerous apical vacuoles (Fig, 2B). The
transition from S2 to S3 is abrupt. S3 segments have the longest
microvilli, the fewest, shortest and least well oriented
mitochondria and few lysosomes or apical vacuoles (Fig. 2C).
There is a characteristic topographical distribution of the
proximal tubule segments (Fig. I).
Regular (oxygenated) pe,fusions
As described by Alcorn et al [1] there was limited proximal
tubular damage following 90 mm of cell—free, oxygenated
perfusion. In the present study, this injury was found to occur
among groups of S3 tubules at the border of the inner and outer
stripe (in the areas underlying the medullary rays). The number
of tubules involved was less than 5% and the vast majority of S3
tubules were normal in appearance. The injured tubules showed
changes characteristic of hypoxic damage as described below.
Hypoxic perfusions
The following results pertain to 90 mm of perfusion with cell
free non-oxygenated medium.
Heterogeneity of proximal tubule injury. Several types of
injury were present in the proximal tubule after hypoxic perfu-
sion. A classification based on the dominant cellular alterations
by light microscopy is given in Table 1. The lesions are
illustrated in Figure 2 (D—I). In each experiment all the types of
lesions listed were seen. In addition there were a number of
tubules which appeared normal or minimally affected. As
indicated in the table, the types of injury seen among S3 tubules
differed from those among S1 and S2 tubules. The S and S2
tubules generally could not be distinguished after hypoxic
damage.
Injury in the S1 and S2 tubules most conspicuously affected
the brush border zone (Fig. 3). The more limited lesion con-
sisted of closely packed small vesicles underlying the microvilli
in the apical portion of the cell associated with chromatin
clumping and irregularities in nuclear contour (apical
microvesicles). The more severe lesion was characterized on
light microscopy by swelling and disarray of the brush border
and associated mitochondrial swelling (brush border
clubbing/mitochondrial swelling). By electron microscopy
there was complete disruption of the brush border zone with
formation of whorls and myelin—like figures. The mitochondria
showed rounded profiles with marked distension of the
intercristal space. Mitochondrial densities were rare and small.
Three lesions were recognized among S3 tubules. In some
tubules the only alteration detectable by light microscopy was a
diffuse cytoplasmic vesiculation reflecting mitochondrial swell-
ing (mitochondrial swelling only). More overt damage in S3 took
two distinct forms (Fig. 4). In the cell fragmentation lesion
there was marked irregularity of the luminal border of the
tubular epithelial lining cells. Generally there was decreased
cell height. Focally there was denudation of the basement
membrane. Electron microscopy revealed focal absence of the
luminal plasma membrane, nuclear pyknosis and small densities
in the swollen mitochondria. The other S3 lesion was termed
cytoplasmic edema for its characteristic swelling of the cell with
separation of the relatively mildly swollen mitochondria by
pale, electron lucent cytoplasm. There was frequently an asso-
ciated luminal obstruction by globular debris.
Zones of protection and gradients of i,tiu,y. Though there
was great variability of response among the proximal tubules
' Vasa recta
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Fig. 2A-C. Light microscopic appearance of normal proximal tubules (x 900). Controls (untreated, in situ fixed kidneys). A. Normal S1 tubule in
a section through the urinary pole of a glomerulus. Note the numerous rod shaped mitochondria in parallel array which give the cytoplasm a darkly
staining granular appearance. B. Normal S2 tubule. Note short brush border, numerous apical vacuoles and lysosomes. Mitochondria are
numerous. C. Normal S3 tubules. Note cytoplasm with a more homogenous appearance with smaller, spherical mitochondria and rare apical
vacuoles. The brush border is longer in S3 than in the other segments.
and even among proximal tubules of the same morphologic
type, the distribution of the various lesions was not random.
There was a consistent pattern in terms of the topography of the
kidney wherein zones of protection from severe injury and
gradients of injury could be defined as:
i) Periarterial and periglomerular zones of protection in the
cortical labyrinth. The brush border clubbing/mitochondrial
swelling was diffusely present in the S1 and S2 tubules of the
cortical labyrinth except in narrow, well—demarcated symmet-
rical zones surrounding the interlobular arteries and arterioles
and circumferential zones surrounding each glomerulus. Tu-
bules or portions of tubules within these zones typically showed
the apical microvesicles lesion or minimal alterations (Fig. 5).
ii) Axial and transverse gradients of injury in the medullary
ray. Increased degrees of injury were seen going from superfi-
cial to deep (axial gradient) and from the peripheral to the
central (transverse gradient) regions of the medullary ray. The
S2 in the uppermost part of the medullary ray generally showed
minimal alterations or the apical microvesicles lesion. The S3
immediately distal to the S2—S3 junction in the mid and upper
portion of the medullary ray generally showed minimal injury as
did the S3 tubules at the periphery of the medullary rays. The S3
tubules in the central and deeper portions of the medullary ray
showed overt cytoplasmic edema or cellfragmentation lesions
(Fig. 6). In each experiment both of these types of injury were
present intermixed among the S3 tubules in the susceptible
zone, though one or the other was usually dominant. The two
patterns appeared mutually exclusive with respect to a given
tubule (that is, cellfragmentation was not seen together with
cytoplasmic edema in the same tubule). Mitochondrialswelling
only was found in tubules located between protected and
overtly damaged tubules. It was often difficult to distinguish
between mitochondrial swelling only and mild cellfragmenta-
(ion.
iii) Alternating pattern of injured and protected zones in the
outer stripe. The outer stripe underlying the medullary ray was
a zone containing overtly injured S3 tubules with cytoplasmic
edema or cell fragmentation. In the adjacent zones, that is, in
the areas between the base of the cortical labyrinth and the vasa
recta bundles, S3 tubules were morphologically intact (Fig. 7).
For convenience, the areas containing injured S3 tubules are
termed medullary ray associated zones and those containing
preserved S3 tubules are termed vasa recta associated zones.
In some experiments hypoxic perfusion was carried out for 45
or 190 rather than the usual 90 mm. The results at 45 mm (N =
2) were identical in all respects to those seen at 90 mm. After
190 mm of hypoxic perfusion (N = 2), similar types of lesions
and a similar distribution with zones of protection were seen by
light microscopy (Fig. 8 and 9). By electron microscopy all
tubules or portions of tubules outside the zones of protection
showed large mitochondrial densities. While these tubules thus
appeared irreversibly damaged, the fundamental character of
the individual lesions (edema, clubbing, fragmentation) were
still evident (Fig. 9).
Cyanide perfusions
Perfusion with KCN resulted in proximal tubule injury simi-
lar in type to that seen with hypoxia but significantly different in
distribution. The brush border clubbing/mitochondrial swelling
lesion was present among the S1 and S2 tubules of the cortical
labyrinth. The lesion was diffuse, that is, involving all the S and
S2 tubules. There were no periarterial or periglomerular zones
I
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Fig. 2D-1. Hypoxic lesions (90 minutes non-oxygenated perfusion) (x 900). IL Apical microvesicles, S1/S2: Note accumulation of small
closely—packedvesicles in the apical cytoplasm just below the generally intact brush border zone. F. Brush border clubbing/mitochondrial swelling,
S1/S2: Note irregular, swollen (club shaped) vesicular forms in the brush border zone and closely-packed swollen mitochondria. F. Mitochondrial
swelling only, S1: The swollen mitocbondria are seen as a line vesiculation of the cytoplasm. The brush border is intact. G. Cytoplasmie edema,
Sc Note cell swelling and separation of organelles by clear cytoplasm. The brush border is intact. H, Cell fragmentation (mild), S3: Note luminal
membranc irregularity with focal decrease in cell height. The brush border is relatively intact although therc are some vesicle forms near the tips
of the microvilli. I. Cell fragmentation (severe), Sc Note marked irregularity of the luminal border. There is apparent cell dropout with focal
denudation of the basement membrane. The brush border is intact in adjacent, less affected cells.
of protection (Fig. Sc). In S3 there was difihise uniform injury of Reoxygenalion experiments
the cellfragmentation type in three experiments and of cyto- The 90 mm period of hypoxia was followed immediately by
plasmic edema type in two. The experiments showing an additional 90 mm period of perfusion with oxygenated
S3cytoplasmic edema were those in which the perfusion pres- medium. By light microscopy diffuse injury was evident in
sure was 40 mmHg. proximal tubules outside of the zones of protection, and essen-
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Lesion Characteristic
apical microvesicles
brush border clubbingimitochondrial swelling
mitochondrial swelling only
cell fragmentation
cytoplasmic edema
Fig. 3. Electron microscopic appearance of hypoxic injury in S1 and S2.
A. Mild hypoxic injury. (x 3600). B. More severe degrees of injury. (x
3600).
tially intact cells were seen in the protected zones (Fig. 10). In
many instances the fundamental features of characteristic
hypoxic lesions (edema, fragmentation) were identifiable
among the damaged cells. Some large cytoplasmic vacuoles
were present in the better preserved tubules. Electron micros-
copy revealed accumulation of large mitochondrial electron
densities in the damaged cells (Fig. II).
Discussion
The morphology of ischemic injury in the intact kidney has
been extensively described [8—12]. The proximal tubule and
especially the S3 segment are selectively involved. There is a
progression of reversible alterations beginning with cell swell-
ing and blebbing in the plasma membrane. With increased
duration of ischemic insult there is high amplitude swelling of
mitochondria. Irreversibility of the injury ("point of no return")
Fig. 4. Electron microscopic appearance of hypoxic injury in S3. Cell
fragmentation: the lining of this tubule (after 190 minutes of hypoxia)
(A) is reduced to a thin layer of cytoplasm. In this high power (90
minutes of hypoxia) (x 2200) (B), the cells on the left have swollen
mitochondria and an intact brush border. The cell on the right shows
more advanced injury with prominent mitochondrial densities. (x
3200). C. Cytoplasmic edema: the brush border is basically intact in this
tubule. In the lower right corner, a portion of an S3 tubule with
mitochondrial swelling only is present. (x 1600).
correlates with the appearance of large electron densities in the
mitochondria which can be seen in the proximal tubule after
approximately 60 to 120 mm of renal artery clamping. Further
injury results in evidence of necrosis with rupture of cell
membranes and karyolysis.
Previous studies have shown that with hypoxia it is the
mTAL rather than the proximal tubule which is selectively
vulnerable [2]. In the isolated perfused rat kidney a consistent
and lethal injury occurs in the mTAL even with a relatively mild
hypoxic insult (cell—free oxygenated medium) for as little as IS
mm. Other segments of the nephron show minimal damage
under these conditions.
The present report analyzes the morphology and distribution
of injury in the proximal tubule after a severe hypoxic insult in
Table 1. Classification of hypoxic injury in the proximal tubule by
light microscopy
S1 and S2
S3
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Fig. 5. Periglomerular zone ofprotection. Portions of tubules in a circumferential zone (A) surrounding each glomerulus are protected from the
brush border clubbing/mitochondrial swelling lesion and show only apical microvesicles. Higher power of S1 tubule at urinary pole (B) shows
protection of the portion adjacent to glomerulus (90 mm of hypoxia). With cyanide perfusion (C), the clubbing injury diffusely involves S1 and S2
with no periglomerular zone of protection. (X 600, x 600, x 700).
the isolated perfused rat kidney (cell—free non-oxygenated
medium). The major finding of this study was that there is
heterogeneity of response depending on both tubular segment
type and the tubule location with regard to the vascular supply.
The hypoxic lesions in S1 and S2 were qualitatively similar,
that is, these tubules could not be distinguished after injury.
The damage consisted of apical vesicle formation (mild injury)
or high amplitude mitochondrial swelling with brush border
disruption (more severe injury). The response of S1 differed
from S1 and 2 in that it was characterized by either cell
swelling or changes of the eel! fragmentation spectrum which
consisted of mitochondrial swelling and decreased cell height
(mild) or overt tubular epithelial fragmentation and cell dropout
(severe).
The relationships among these various lesions is unclear.
There are at least two possibilitics. One is that these lesions
represent stages in a common pathway of proximal tubule
response to hypoxic injury. This would be analogous to con-
cepts relating the various stages of ischemic injury. In fact some
of the hypoxic lesions resemble lesions described after ischc-
Hypoxic proximal tubule injury 1027
Fig. 6. Axial and transverse gradients of injury in the medullary ray. S3 tubules at the periphery (*) are relatively intact while tubules in the central
portions show either cytoplasmic edema (E) or cell fragmentation with focal denudation of basement membranes (arrows) (90 mm hypoxia).(x 300).
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mia. An alternative hypothesis is that the lesions represent
distinct types of response to hypoxia.
This issue was approached in two ways. First, injury was
induced in the proximal tubule using cyanide in an attempt to
reproduce the circumstance of tissue anoxia. Gassing with N2
decreases perfusate P02 to less than 40 mmHg, but does not
result in anoxia. CN combines with cytochrome aa3 and is, in
effect, the histotoxic equivalent of complete absence of 02, but
does have an effect on other enzyme systems as well [13]. The
result was that the same types of injury were present as in
hypoxic perfusion and were confined to the same segment
types. The brush border clubbing/mitochondrial swelling lesion
was seen among S1, S2 tubules while cell fragmentation and
edema were present in S3. This result argues against the
proposal that regional differences in flow account for the
differences in the types of injury seen in hypoxic perfusion (that
is, that the regions containing S3 were more hypoxic due to
vascular supply and thus expressed more advanced injury).
Since in the cyanide experiments delivery of the insult de-
pended on vascular supply, one would have expected either a
uniform injury pattern, or if not, a reversal in the pattern of
injury in that the better perfused cortical areas containing SI, S2
would be the more affected. The result suggests that the brush
border clubbing/mitochondrial swelling lesion is distinctive for
the convoluted tubule segments while cell fragmentation and
edema injury are types of S3 response.'
The second type of experiment used to evaluate the relation-
ships among the lesions was to alter the duration of exposure to
hypoxia. The assumption was that if the lesions represented
I The cytoplasmic edema lesion was obtained with cyanide only when
perfusion pressure was low enough to prevent glomerular filtration (40
mmHg). This finding parallels the GFR dependence of the type of S3
lesion obtained after hypoxia reported in the accompanying manuscript.
it suggests that the type of S injury due to cyanide is transport
dependent as will be demonstrated to he the situation with hypoxia.
Fig. 7. Protection of S1 tubules adjacent to
vasa recta bundles. The S3 proximal tubules
surrounding the bundle are relatively intact in
contrast with the cell fragmentation in tubules
(right) a short distance from the bundles (90
minutes of hypoxia). (x 348).
stages in a response to injury, then the different durations of
insult would allow progression of damage to express itself. In
fact there was progression of the S1, S2 brush border
clubbing/mitochondrial swelling and S3 cytoplasmic edema
lesions in terms of the accumulation of mitochondrial densities
at 190 mm. However, the essential character of each lesion was
maintained. All of the lesions were seen after 190 mm of
hypoxia and in the same location with respect to both segment
type and topography as was seen after 45or 90 mm of hypoxia.
An attempt was made to reverse the damage due to 90 mm of
hypoxia by reoxygenation after the hypoxic period. The finding
was that there was diffuse necrosis outside of zones of protec-
tion and near normal appearance to cells inside of these zones.
This type of experiment is complex and may not give the injured
cells optimal conditions for recovery in terms of time or oxygen
availability. It is technically difficult to prolong the recovery
period beyond 90 mm of oxygenated perfusion. Furthermore,
cell free oxygenated perfusion itself, due to low 02 content in
the absence of an 02 carrier, is not ideal for providing 02 to the
tubules. The addition of erythrocytes was attempted in these
reoxygenation experiments to overcome this objection, but this
procedure has unfavorable effects on flow rate during perfusion.
Washing the erythrocytes to remove plasma was found to be
essential to avoid a complete shutdown of perfusate flow.
Beyond these difficulties is the probability that the reintroduc-
tion of 02 may itself be injurious (so called "oxygen paradox")
[14] resulting in a complex lesion not relevant to those which
are the subject of this study. What can be concluded from these
experiments is that hypoxic lesions consistently found in zones
of protection (apical microvesicles) appear completely revers-
ible, while those lesions typically present outside these zones
are not easily reversed.
In summary, the evidence from these groups of experiments
is consistent with the hypothesis that the three lesions, brush
border clubbing/mitochondrial swelling, cytoplasmfc edema
and cell fragmentation, are not related to one another as stages
in a progression of damage but rather represent three distinct
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Fig. 8. Portions of Si, S2 tubules adjacent to glomeruli (A), or interlobular arteries (B, lower right) show a degree of protection. Portions of tubules
outside this zone show the typical brush border clubbing/mitochondrial swelling lesion characteristic of the convoluted segments (190 mm of
hypoxia). (x 1200, x 1200).
types of proximal tubule response to hypoxia. Each of the microvesicles for brush border clubbing/mitochondrial swell-
lesions has mild, potentially reversible precursor lesions: apical ing, mitochondrial swelling only for celifragmentationand mild
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FIg. 9. In the outer stripe, zones of protection adjacent to vascular supply and preservation of the fundwnental character of the S lesions are
evident after /90 minutes of hypoxia (A). The tubule to the right is partially involved by cytoplasmic edema. The portion of this tubule, adjacent
to arterial channels, is relatively intact. The tubule on the left shows cellfragment ation. By electron microscopy (B), S tubules with cytoplasmic
edema show mitochondrial electron densities. (x 1200, x 3000).
degrees of cell swelling for cytoplasmic edema. None of the
three advanced lesions appear easily reversible and may repre-
sent lethal injury in the context of' 90 mm of hypoxia. Cell
fragmentation itself probably represents an end stage lesion
while both brush border clubbing and cytoplastnic edema
progress to accumulation of large mitochondrial densities, As
mentioned above, the accumulation of mitochondrial densities
is considered a morphologic correlate of irreversible damage in
ischemic injury [12].
Structurally, functionally and metabolically, S1 and S2 appear
to be qualitatively similar but differ quantitatively. 'l'he mor-
phologic transition between them is gradual with intermediate
type tubule segments. S3 on the other hand is a qualitatively
different type of tubule. The morphologic transition from S2 is
abrupt and functional and metabolic capacities differ [15]. It is
reasonable to assume that intrinsic differences between S3 and
the S, S2 segments account at least in part for heterogeneity of
proximal tubule damage after toxic, ischemic or the present
hypoxic insults. However, while intrinsic differences among
nephron segments may he important determinants of injury
they do not explain the appearance of two distinct lesions in S3
tubules. This issue was studied further and is the subject of the
accompanying manuscript.
Aside from the heterogeneity related to the presence of these
different types of lesions, there were in addition significant
numbers of tubules of all three segment types which remained
relatively intact. Study of the topography of the injury showed
a consistent zonal distribution ol' injured and protected tubules
(Table 2 and Fig. 12). The vasocentricity and symmetry of the
zones of protection suggest that the distribution of injury is
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Fig. 11. Reoxygenation experiment: adjacent cells of an S3 tubule at the
border of a zone of protection (see Fig. 10). The necrotic cells show
brush border and membrane disintegration and the accumulation of
large mitochondrial electron densities. The adjacent cell lying within a
zone of protection is essentially intact. (x 2300).
Fig. 10. Reoxygenation experiment. The zones of protection are sharply
demarcated in the cortical labyrinth (A, < 245) and the outer stripe (B,
x 245).
related to gradients of oxygenation. This was further suggested
by the fact that the zones were not evident when perfusion with
cyanide was used as an alternative to hypoxia. Cyanide pro-
duced diffuse injury among tubules of a given segment type
(that is, all of the S1, S2 tubules showed brush border
clubbing/mitochondrial swelling and all of the S3 tubules
showed cell fragmentation or cytoplasmic edema). It appears
then that a uniform insult results in a uniform response and that
there are no intrinsic differences among tubules of the same
segment type in this regard. With hypoxic perfusion it is the
degree of insult which is variable from region to region.
Complex gradients of oxygenation have been known to exist
in the kidney since Leichtweiss et al [161, using an 02 micro-
electrode, showed in vivo and in the isolated perfused kidney
that there is a sharp corticomedullary 02 gradient (with medul-
lary P°2 10 mmHg) and that in the cortex there are marked
differences in tissue P02 in adjacent areas. The distribution of
injury and protection illustrated in this paper may provide the
topographical correlate to Leichtweiss' data. These gradients
may be important in determining regional vulnerability to
hypoxic injury. It has recently been suggested that regional
hypoxia may be an important factor in the paradoxical sensi-
Table 2. Distribution of severely injured tubules under various
perfusion conditions*
Cortical
labyrinth
pGpA
Zonesa Other MRS2b MRA S3 VRA S3d
Cell—free
oxygenated perfusion 0 0 0 +1— 0
Hypoxic perfusion 0 + V + 0
Reoxygenation 0 + V + 0
Cyanide + + + + +
*Diffuse injury within a given zone (+); focal injury in zone (+1—);
variable injury, that is, protection from damage in some experiments
(V) and severe injury not present in zone (0).
a pGpA Zones, periglomerular and periarterial zones.b MR-S2. medullary ray S2 tubules.
MRA S3, medullary ray associated S3 (S3 tubules located in the
lower portion of the medullary ray and in the area of the outer stripe
underlying the medullary ray).
d VRA S3, vasa recta associated S3 (S3 tubules in the outer stripe
located in the area of formation of the vasa recta bundles).
tivity of the kidney to hypoperfusion states [17]. Furthermore,
recognition of this zonal pattern may allow inference of a
hypoxic component when evaluating the pathology of a given
injury as is common practice with centrilobular necrosis in the
liver and border zone" injury in the central nervous system.
In conclusion, there is marked heterogeneity in the proximal
tubular response to hypoxia in the isolated perfused rat kidney.
This heterogeneity is related in part to differences among
segment types (S1 and S2 vs. S3) and in part to the location of the
1032 Shanley et a!
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tubules with respect to vascular supply and gradients of oxy-
genation. That there are other factors beyond these determi-
nants is suggested by the two distinct types of overt S3 injury.
The difference between the S3 response in hypoxia and that of
the remainder of the proximal tubule is reminiscent of the
differential S3 responsiveness seen also after ischemia or expo-
sure to some toxins. This suggests the possibility that struc-
tural, functional or metabolic differences between S3 and the
convoluted tubule segments [14] may impart a distinctive char-
acter to their response to injury.
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